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                             Abstract
   The Planetary Boundar}r Layer (PBL) is recognized as an important height
range connecting the free atmosphere with the earth's surface where aJmost al1
sources of energy, momentum, and constituents in the earth's atmosphere are
to be found. The importance of the PBL is much enlarged when we consider
that the earth's environment is maintained under the atmosphere-ocean andlor
atmosphere-1ar}d interactions. However, mainly because of a lack of appropriate
observational techniques, many aspects of the PBL have not yet been clarified
suMciently, The height range of the PBL is beyond that of continuous observa-
tions at a tower, and the complexity of the PBL cannot be resolved by balloon
observations.
   Those observational diMculties are now being overcome with the advance of
radio probing techniques, called low-level wind profilers or boundary layer radars.
These techniques provide three-components of the wind velocity vector averaged
in a sampling volume with a high time resolution. We have successfully deveioped
a transportable clear-air Doppler radar $ystem (the Kyoto University Boundaxy
Layer Radar, hereafter referred to the BLR), operating at a frequency of 1357.5
MHz (L-band) with 'a peak transmitter power of 1 kW, The antennas consist of
three parabolic antennas with a diarneteT of 2 m.
   The BLR was first installed at the MU (Middle and Upper atmosphere) Obser-
vatory at Shigatraki, Japan (34.850N', 136.100E) in December 1991, and continuous
observations were conducted during May-August 1992. FYom the continuous four-
month observations, we have found tbat on clear days athin enhanced echo layer
appears at about 500 m height in the morning and ascends up to about 1500 m
height in t.he afternoon. We have found that this ephanced echo layer corresponds
to the top of the PBL (mixing layer) defined by the virtual potential temperature
proMes obtained simultaneously by radiosondes. The behavior of this layer is
consistent with that. Of the PBL speculated or predicted numerically in-earlier
studies, but here we further directly observe variations of three-components of
the wind velocity vector and smaller-scale turbulence' activity. These.temarkable
diurnal variations of the echo intensity are not always observed every clear day
but are limited tbafew days each month. ,
   We ainied to observe characteristics of cloud convections and atmospheric
waves in the lower troposphere over equatorial IndQnesia by means of the BLR.
Through collaboration betWeen Japan and Indonesia, 'we started continuous ob-
servatibns using the BLR in November 1992 at PUSPIPTEK (Indonesia National
Center for Research, Science, and Technology) in Serporig' (6.4eS, 106.70E), West
Java, which is located in the south-west suburbs of Jakarta The performance of
ii
iii
the BLR with respect to the observation height range and the wind measurement
reliability has been examined on the basis of simultaneous rawinsonde ebserva-
tions.
   VLie have found that there are two types of $trong echo structures appearing
systematically in the equatorial PBL vvith diurnal variations on clear days. The
first tspe is the striking appearance of a strong echo layer ascending from below
300 m (in the morning) to above 3-5 km (in the afternoon), which is identified
with adiurnal variation of the top of the mixing PBL. This layer appears at higher
altitudes in the Indonesian equatorial region than in mid-latitudes, Another type
of strong echo structure are layered echoes appearing at an altitude of 2-3 km
from night-time to morning, which seem to be coincident with humidity gaps.
   We have also found a striking reversal of the wind direction from easterly to
westerly at the beginning of December 1992. It is confirmed from geostationary
meteorological satellite (GMS) observation data that this reverSal was associated
with an eastward movement Qf the convection center (a super cluster) situated
between the indian Ocean monsoon (westerly) dominant area and the Pacific
Ocean trade wind (easterly) dominant area. The lower-tropospheric wind varia-
tions a$sociated with (super) cloud clusters are presented, and some differences
are found between the eastern and western sides of the convection center (cor-
responding respectively to the easterly and westerly regimes; or to the dry and
rainy seasons).
   Ftequeney power spectra are atialyzed from zonal and meridional wind veloc-
ities observed continuously in a height range below 2.5 km with the BLR. We
have found that (i) the spectral slope in a period range fTom a few hours to a few
days is approximately -1; (ii) the power spectral densities in the rainy season
are at least about twe times larger than those in the dry season; (iii) the diurnal
component is dominant both in dry and rainy seasons; (iv) components with pe-
riods of about 4 and 10 days are probably associated with mixed Rossby-gravity
wavelike cloud clusters and IÅqelvin wavelike super cloud clusters, respectively, and
(v) the power spectrai aniplitudes increase at least one order of magnitude from
the bottom to the top of the equatorial PBL, and the values at the top of the
PBL are almost comparable to those in the upper troposphere over mid-latitudes.
The last feature suggests strongly that the equatorial PBL is a major source of
kinetic energy in the earth's atmosphere.
   We believe that these studies must contribute to the spread of BLR observa-
tions and to the elucidation of many un.known important roles of the PBL over
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1.1 The history of radar studies of the clear
atmosphere
  The history of radar studies of the clear atmosphere is broken down roughly
into four major periods. The first, starting about 1935 and extending until 1949,
defines the time when several types of clear-air echoes were observed and re-
ported. The 10-200 m wavelength radars used for ionospheric studies detected
reflections in the troposphere where it Was known that ionized regions could not
exist. 'Ibward the end of this period lib'iend I1949] was able to associate these
tropospheric reflections with regions of temperature inversions where 1arge gra-
dients of 'refractive index would be present. In addition, the first observations
of dot echoes, later designated "dot angels," were reported. A controversy arose
regarding the source of these dot angels; insects and birds were one possibility
and sharp gradients in refractive index were another.
  The second period occurred from about 1950 to 1962 and was marked by great
interest and experimental work in propagation beyond the radio hoTizon. One
of the ipechanisms for the radio propagation was the scattering of radio waves
from turbulent structures within the troposphere. The period was significant
because the processes responsible for the tropospheric scatter observed on radio
propagation links were also a factor in the backscatter of radar ene;gy. This
period saw heightened interest in dot angels as shorter wavelength (from 1 to 10
cm) radars were developed and reports of the angels became commonplace. At
the same time, horizontally stratified echo layers were also observed 'with lacm
wavelength radars, and it became evident that radars could play an important
role in probing the clear atmosphere.,
  The. third peTiod from 1963 to 1972 saw a tremendous increase in activity
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 using powerful and sensitive radars for investigating atmospheric structures. No-
 table arnong the achievements during this decade were the in situ measurements
 within the region$ of the clear-air radar echoes, the routine detection of clear-air
 turbulence out to ranges of 10-20 km with 10 cm or longer wavelength radars,
 and the study of convective processes in the boundary layer. The period came
 to a close with some incredibly detailed observations using radars which could
 resolve atmospheric waves and layers at resolutions of 1 m.
   The fourth period from 1973 to 1982 was characterized by a major shift in
the focus of clear-air radar research from the UHF (300-3,eOO MHz) and shorter
wavelength radars used in the previous period to longer wavelength radars that
operated primarily at losver VHF (30-300 MHz) frequencies. It was shewn by
 Woodman and Guille'n [19741 that it is possible to detect the radiowave scattered
by the neutral atmosphere by using the 50 MHz Jicamarca radar in Peru. Atmo
spheric radars utilize a physical principle that the radiowave are scattered andlor
refiected by fluctuations of the radio refractivity of the atmosphere.
   Afterwards, MST (Mesosphere, Stratosphere, and 'Ilroposphere) radars like
the MU (Middle and Upper atmosphere) radar [lih`kao et al., 1985a, bl were
established in several places. A number of these radars have been operated at
approximately 50 MHz, and had large antenna aperture and strong output power
in order to detect very weak radiowave scattered by the neutral atmosphere.
The radars operating at this lower paxt of the VHF band have some prominent
advantages over radars operating at higher frequencies. One important advantage
is that the atmospheric scattering at lower VHF is nearly as strong as scattering
from precipitation. Consequently, vertieal atmospheric motion can,be measured
at these frequencies even during rainfal1 [171ukao et al,, 1985c, Wakasugi et al.,
1986, 1987]. The MU radar is located in Shigaraki, Japan (34.850N, 136.10eE),
and has been operated from 1984. The studies eoncerning the thre"dimensional
structure of the wind veloeity have been performed. Especially, there atre the
excellent studies concerning the fine structure of the wind field in the typhoon
[e.g., Sato et al., 1990; Sato, 1993j and in the baiu front [e.g., Rukae et al., 19881.
Many studies concerning the atmospheric waves have also been pursued very
much Ie.g., Murayama et al., 1992; Nakamura et al,, 1993bl.
   Using radars for clear-air studies was not only challenging and intereSting but
also led to important operational applications. Two of the major applications
developed during the 1980s were as fo11ows:
  i) UHF and VHF Doppler radais became to be used for the routine measure-
 . ment,of the svind field within the troposphere;
  ii) Requirements for the next operational weather radar (NEXRAD) were de-
    veloped in U.S., which included the capability te observe low-level wind
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    fields in the clear atmosphere.
Both of these developments will be incorporated into observing networks which
will provide enhanced depictions of the weather on smaller scales than were pre-
viously possible.
   In the late 1980s, EcK'tund et al. [1988] of Aeronomy Laboratory of NOAA
(National Oceanic and Atrnospheric Administration) in U.S. developed a proto-
type of 915 MHz boundary layer radar (BLR) svhich is lightweight, transportable,
and low powered. In Japan, we and NaK'amura et al. [1992] of CRL (Commu-
nications Research Laboratory) of Ministry of Posts developed L-band (1357.5
MHz) BLRs in independence in 1991 [Hashiguchi et al., 19921. 0ur BLR was first
instal1ed at the MU Observatory in Shigaraki in December 1991, arid continuous
observations were conducted during May-August 1992. After that, the BLR was
transported to and installed in Serpong, Indonesia (6.40S, 106.70E), and contin-
uous observations have been conducted since November 1992. Nakamura et aVs
BLR has been operated in Thailand since 1994.
1.2 The planetary boundary layer (PBL)
  The atmospheric boundary layer (ABL) is usually defined as the layer of air
directly above the earth's surface in which the effects of the surface (friction,
heating, and cooling) are directly felt on time scales less than a day, and in which
signMcant fluxes of momentum, heat, or matter are carried by turbulent motions
on a scaJe of the order of the depth of the ABL or less (see Figure 1.1). The ABL
thickness is quite variable in time and space, ranging from hundreds of meters to
a few kilometeis.
  The atmospheric layer from the surface to about 100 m is called "surface
boundary layer" (SBL) because this height range is prominently infiuenced by
the features of the surface. The ABL higher than the SBL is cailed the "Ekman
layer" or "planetary boundaiy layer" (PBL). The atmosphere higher than the
PBL is called the `free atmosphere"' The earth's surface and the ABL become
sources for the most atmospheric phenomena in the lower and middle atmosphere.
   Diurnal variation is one of the key characteristics of the ABL over land. The
free atmosphere shows little diurnal variation, This diurnal variation is not caused
by direct forcing of solar radiation on the ABL. Little solar radiation is absorbed
in the ABL; most is transmitted to the ground where typical absorptivities on
the order of 909o result in absorption of much of the solar energy. It is the ground
that warms and cools in response to the radiation, which in turn forces changes
in the ABL via transport processes. Turbulence is one of the important transport
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Figure 1.1: Schematic atmospheric boundary layer structure.
   The ABL is recognized as an important height ratige connecting the free atmcF
sphere with the earth's surface where almost al1 the sources of energy, momentum,
and constituents of the earth's atmosphere are to be found. As emphasized in
recent textbooks [e.g., Stul4 1988; Garratt, 19921, the importance of the PBL
is much enlarged when we consider that the earth's environment is maintained
under the atmosphereocean andlor atmosphere-land interactions.
   In the SBL, the wind speed rapidly increases according with altitudes, but
the mean wind direetion hardly changes. The variation of the wind velocity
in the PBL is quite different. We assume that the diffusion coeMcient K is
constant which is independent of heights, and the fo11owing boundary conditions
are satisfied:
                  U=V=O (z=Q)
                  U-'Us=V-•V,.o (z-co) (1•1)
where z is the height, (U, V) is the horizontai wind velOcity, and (Ug,Vg) is the
geostrophic wind velocity.
                    I  order to simplify the- expression, we consider that x
axis equaJs to the direc• tion of the geostrophic wind velocity (i,e. it is parallel to
the direction of an isobaric line). Then the geostrophic wind velocity is (Ug,O),
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and the wind velocity (U, V) in the PBL is derived as the following:
                   u = ug {i -- exp (-B) cos B}
                   v = ug exp (-S) sin B
where
                            D= pt
(1.2)
(:,3)
where f is the Coliolis' parameter. The hodograph of these equations is shown in
Figure 1.2. The profile becomes spiral shape called "Ekman spiral." The height
z = TD == Tff (1.4)
denotes the boundary between the ABL and the free atmosphere.
  in the ABL, there are complicated phenomena of surnmit-valley breeze eircu-
lation, sea-1and breeze circulation, and others as shown in Figure 1.3. Especially,
to analyze the following phenomena is very important; (i) boundary layer con-
vergence processes, and (ii) their relationship to atmospheric convection. Also
(iii) wind fluctuations in the ABL are important since they notably appear with
the process of the generation and organization of cloud clusters in the equatorial
region and during baiu season in Japan. The analysis of the atmospheric motion
in this layer is indispensable to solve the environmental problems of the earth. In
order to analyze these complicated phenomena, the high-resolution observation
is needed.
   Especially, it is now widely recognized that the dynamics of the PBL in the
Indonesian equatorial region (the maritime continent) are very important to our
understanding of global climate control mechanisms associated with the maritime
continent surrounded by high surfaA e temperature ocean. For exainple, PBL dy-
namies govern the generation of convection, and the 1arge year-to-year variations
of the cloud convection over the maritime continent ate closely related to the b"
havior of the El Nifio-southern oscillations (ENSO) [e.g., Nitta et al., 19921. Tal1
Åëumulonimbus clouds often penetrate the tropopause and transport various minor
constituents in the troposphere deeply into the stratosphere [Holton, 1984]. They
also excite various atmospheric waves, such as gravity waves, Kelvin waves, and
other long period oscillations [ Tsuda et al,, 1992, 1994a, b]. However, these stud-
ies are based on too coarse (or limited numbers of) observations with satellites
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Figure 1.3: A schematic diagram of processes in the atmospheric boundary layer.
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le3 Observations in the PBL
    Atmospheric motion in the ABL has mainly been observed so far by in st'tu
 techniques like balloons, towers, or aircraft. Balloons and towers are good tech-
 niques to observe temperature and humidity. However, as observation techniques
 for the atmospheric motion, the balloon observations have a limitation in the time
 resolution and cannot measure vertical wind velocities. The maximum observable
 altitude of towers is generally less than 100 m, and they have also the problem
 that the wind velocity can be disturbed by themselves. One of the major advan-
 tages of using aircraft as atmospheric measuTement system is their mobility and
capacity for making extended line averages of turbulent quantities (most aircraft
flights occur at speeds of about 80 m s-i). Aircraft can be used both for vertical
profi1ing well above the tower layer and for horizontal traverses. The main disad-
vantage of aircraft measurements is the need to measure accurately the aircraft's
motion, sinee corrections to the velocity and temperature measurements must be
made for this motion.
   In the last. decade or so, ABL observations have been enhanced by remote
sensing techniques. These mainly involve transmitted acoustic, radio, or light
eneTgy, and the detection of the scattered energy due to natural or artincial at-
mospheric targets (dust, salt, andlor rain). The instrumentation includes, for
example, sodars (acoustic sounders); acoustic radars; lidars (light radars), and
Doppler radars. Remote sensing of boundaiy-layer variables can be done actively
and passively. Active techniques involve transMission of acoustic or electromag-
netic radiation to the region of interest and measuring the backscattered fraction
that is returned to the instrument; sensors include lidar, radar, and sodar. In con-
trast, passive techniqves involve the measurement of radiation naturaJly emitted
from the atmosphere, e.g. as in infrared radiometry.
   Remote $ensing techniques are attractive where in situ methods will not work
or are uneconomical, and where the atmosphere interacts with the transmitted or
received radiation allowing the meteorological variable of interest to be measured.
Remote sensing utilizes spatial averages, usual]y over volumes, and so is especially
suitable if this type of aveTage is desired. However, lidars and sodars have the
problems that observations are influenced by the weather conditions, and the
highest observation height is relatively low,
   As described in Section 1.1, VHF radars have been used to observe the wind
field in the lower and middle atmosphere since 1970s. However, atmospheric
radars in the low VHF range cannot measure atmospheric motion in altitudes of
less than a few kilometers, which is serious]y concerned with the human life as
described in pTevious section, due to various technical reasons, To analyze atmo••
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spheric motion in this layer is indispensable to solve the enviTonmental problems.
Since earlier observational techniques of the PBL have several problerns due to
their limited height coverage and/or resolution, the PBL have never been known
in scales smaller than the internal meteorological phenomena. Therefore, we have
developed the BLR to observe continuously height profiles of three-components
of the wind velocity vector in the lower troposphere including the PBL with high
time and height resolutions.
   A radar radiates the radiowave, and accepts the information of taxgets by
using the echo $cattered andlor refiected by them. Macroscopic spatial changes
of radio refractivity n cause refraction or reflection, but microscopic changes cause
scattering. Major contributors to n at frequencies between HF (3-30 MHz) and
UHF (300-3,OOO MHz) bands are the partial pressure of water vapor e, the total
atmospheric pressure p, and the electron density N.. The experimental expression
of n is
              n-1= 3'75 i,10-ie+ 7'76 XTIO-5P '-- 2Ni. (L5)
where T is the absolute temperature, and N. is the critical plasma density [Batstey
and Gage, 1980]. The first term represents the contribution from water vapor,
the second term gives the contribution from dry air, and the third term gives the
contribution from free electrons. Figure 1.4 shows typical height profiles of these
three terms. in the lower atmosphere, the first term is dominant, and the third
term is negligible.
   Random fluctuation of radio refractivity generated by the atmospheric tur-
bulence is the major source of the echoes detected by the atmospheric radar
[Woodman and Guitle'n, 19741. Local fluctuations of radio refractivity is known
to scatter radiowave and to move with the background atmospheric motion. We
can obtain the information of the atmospheric motion by measuring the Doppler
shift of the echoes. Since the scattering echo power is roughly proportional to the
square of the number of scattering targets, we cati also accept the information of
intensity of the atmospheric turbulence by using the echo intensity.
  A typical atmospheric radar is a monostatic pulse radar, which uses the same
antenna in transmission and reception. The radar equation for a pulse radar is
[Sato, 1988]
                      E=TlkA(ie.C20S),e[TAi,,',2,a,2Ln (i.6)
where 7T is the received echo power, q is thq radar velume refiectivity, c is the
speed of light, r is the range, Pt is the peak transmitter power, e is the zenith
angle of the beam direction, Ar is the range resolution, a is the eMciency of the
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period (IPP), and Ae is the effective antenna area, which is given by (Silver, 1951]
                               A2 G,
                                                          (1.7)
                           Ae =
                                4T
where Gt is the antenna gain, and A is the radar wavelength. The factor cose
accounts for the apparent reduction of the antenna area in the ease using an
active phased array antenna like the MU radar when it is viewed obliquely,
  A pulse radar estimates a range from the radar to scattering target by using
a time intervaJ T between the pulse transmission and reception, The range to a
scattering target r is given by
                               1
                            r=sc7-. (1.8)
When a received signal is sampled at some time after transmission, the radar
receives the echo from the target at the range corresponding to the delay time as
sho"T in Figure 1.5. A range resolution Ar of a pulse radar with a pulselepgth
At is
                                1
                           Ar=icAt (L9)
which corresponds to a half power width of the weighting function shown at the
right panel in Figure 1.5. Because atmospheric turbulence is distributed target
over the range, we can detect many echoes at different range$ by sampling the data
every At. For example, by using At = 1 pts, we can observe the atmosphere with
the range resolution of 150 m. We usually transmit many puises every IPP, and
obtain time series of scattering signal at each height. Therefore, in observations
with a pulse radar, we take two dimensional data in altitude and time as shown
in Figure 1.6.
   Figure 1.7 shows a flow chart of the signal processing. The sampled signals are
arranged as a function of a trip-around time frorn transmission to reception. Be-
Åëause correlation time of the signal is much longer than the IPP for the turbulence
echoes in the lower and middle atmosphere, first they are coherently integrated in
order to improve the signal-t"noise ratio. When Nceh data of complex received
signal voltage are coherently added, noise power becomes N..h times as 1arge
beeause we can assume random noise, However, power of the scattering signal
becomes N.h2 times as 1arge. Therefore, signal-to-noise ratio is ' improved as
                         Nc2oh
                             =101ogioN,.h [dB]. (1,10)
                  10 !oglo
                         Ncoh
This technique is called "coherent integration," The complex time series of the
received signal is then Fourier transformed to a Doppler power spectrum. When
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Figure, 1,6: Time 8eries of scattering signal.
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the IPP is fixed, the number of data in the unit period is reduced by 1!Ncoh by
the N..h times of coherent integrations. This drastically reduces the FFT (Fast
Fourier ']]ransformation) calculation time. For example, when the FFT points
of 4096 is reduced by 128 by conducting coherent integrations of 32 times, the
FFT calculation time is reduced by approximately 1155. If Doppler spectra are
averaged as Ni..h times, statistical fluctuation of the Doppler spectrum becomes
smaller by
                                1
                                   . (1.11)
                             .!7gc;;
This technique is called "incoherent integration." Finally, the noise level and
spectral paramLeters such as the echo power, meart Doppler shift, and spectral
width are estimated from the Doppler spectrum, and are stored fo! the analysis
of radar volume refiectivity, wind fields, atid turbulence parameters,
   Since we caii assume that the atmospheric turbulence moves with a back-
ground wind, the mean Doppler shift is regarded as the radial component v, of
the wind velocity. It is given by ISato, 1988]
                              cA
                         "r= iijT, fd=ifd (1.12)
where fd is the mean Doppler shift in s"i, fo is the operational frequency ip sti of
the radar. When we use the IPP of Tipp and N.h times of eoherent integrations,
Nyquist frequency f..,, of Doppler spectrum is
                                   1
                         fMaX =2TIppN,.h' (1.13)
If Doppler shift is higher than this frequency, the signal causes frequency aliasing,
and the estimated wind velocity is different from true one. When FF'T points are
NFFT, frequeney resolution Af is given by
                    Af == IYf,M,,E".C = T,,,Nii,N,,.• (1•14)
Tlransforming to a velocity unit by using (1.12),
                            )t A
      ' Vmax =5fm ax=4T! pp N.h (1.15)
                         ,)L ' A
                    AV = iAf= 2TIpp N..h NF F-r ' (L16)
Total time T.b, to obtain one Doppler spectrum including the incoherent integra-
tion is
                      Tobs = Trpp Ncoh NF FT IVIicoh (1•17)
where Nicoh is the number of incoherent integrations.
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1.4 Contents of the thesis
  As shown in the previous sections, the BLR is apowerful tool to inve$tigate
the dynamics of the PBL. The contents of this thesis are as follows.
  In Chapter 2, system requirements of the BLR are first discussed. The hard-
ware and $oftware systems of the BLR designed based on the above discussions
are shown. The method to estimate the spectral pararneters from the echo power
spectrum observed with the BLR is also described.
  in Chapter 3, we present the results of the BLR simultaneously observed with
the MU radar on 6 January 1992, and discuss the performance of the BLR in
comparison with the results observed with the MU Tadar. The features of PBL
diurnal variation obtained from four-month continuous observations in Shigaraki,
Japan are also described.
  In Chapter 4, we describe the outline of the observation project in equatorial
indonesia. The performance of the BLR in Indonesia, mainly concerning the
observation height range and the wind measurement reliability are also described.
  In Chapter 5, observational evidence concerning the vertical extent and di-
urnal variations of the equatorial PBL using the data observed with the BLR,
rawinsondes, and standard ground-based instruments in the dry season carnpaign
(8-15 October 1993) is described.
  In Chapter 6, a striking reversal of the wind direction from easterly to westerly
observed with the BLR at the beginning of December 1992 is presented. Geostar
tionary meteorological satellite (GMS) observation data are atso shown in order
to discuss the relationship between this reversal and cloud clusters.
  In Chapter 7, we present frequency power spectra of zonal and meridional
wind velocities observed continuously in a height range below 2.5 km with the
BLR, and describe the features of these spectra.
  The summary and conclusions of this thesis are presented in Chapter 8.
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Chapter 2
Development of the Kyoto
University boundary layer radar
  In this chapter, the system requirements of the Kyoto University boundary
layer radar (BLR) are first described in Section 2.1, The hardware system and the
softsvare configuration of the BLR designed based on the discussions in Section 2.1
are described in Sections 2.2 and 2.3, respectively, The method to estimate the
spectral parameters - the echo power, the mean Doppler shift, and the spectiral
width - and the noise Power density from the Doppler spectrum observed with
the BLR is also described in Section 2.4.
2.1 Systemrequirements
  The BLR described in this thesis was designed to meet the following require-
ments:
  i) The BLR should receive backscattered echoes from refractive index fluctu-
   ations, which are mainly generated by fluctuations of humidity and atmo-
   $pheric stability profiles associated with atmospheric turbulence.
 li) The system should be transportable and have a smal1 antenna with a far
   field of less than 100 m,
 iii) System recovery should be fast enough to obtain useful data at heights as
   low as 300 m.
 iv) The system should have a range resolution of 100 m or better and have a
   beamwidth of 90 or better,
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  v) The BLR should be sensitive enough to observe profiles of three-components
     of the wind velocity vector up to the height of 2-3 km with a time resolution
     of less than 1 min under typical atmospheric conditions.
 vi) The BLR should be able to measure height profiles of temperature by using
     a RASS (Radio Acoustic Sounding System) technique.
Although radars in the low VHF range are practicaJly operated to observe atmo-
spheric motion, they cannot measure atmospheric motion near the ground. in
the case of the MU radar [,Flukao et al., 1985a, b], the lowest observable height
is approximately 2 km. This height limitation arises from vaxious factors as the
following:
  i) Although these Tadars usually adopt the monostatic radar system, the
    switching speed and the system recovery from transmission to reception
    cannot be fast enough at relatively low operating frequency. For example,
    the height of 2 km eorresponds to the switching speed of about 13 "s,
  ii) The radar with the large aperture antenna system cannot inherently form
    well-defined beams within a few kilometers. In the case of the MU radar,
    the length of the near field is about 1,6 km,
 ili) There is a practical imitation of the system bandwidth. For example, a
    range resolution of 75 m requires a transmitted pulselength of O.5 ILs and a
    corresponding bandwidth of about 2 MHz, which is very difficult to use in
    the VHF band.
   We investigated a radar system to satisfy the above requirements for the BLR.
In order to reduce the system recovery time (i.e. to lower the lowest observation
height), an operating frequency of the BLR should be high. However, as shown in
Figure 2.1 the radar volume reflectivity for the atmospheric turbulence becomes
much smaller than that for the precipitation in the high frequency range. Namely,
a radar that an operating frequeney is very high cannot observe atmospheric
motion directly even in cloudy conditions. The refractivity turbulence structute
constant (Cn2) artd the radar refractivity index (Z) are approximately 10-i5 m-2/3
and 103 mm6 m'3, respectively, in the typieal condition. When the operating
frequency is 46.5 MHz of the MU radar, the volume reflectivities are n. ev 2.0 Å~
10-i6 m-i for the atmospheric turbulence and np N 1.6 x 10'i6 mti for the
precipitation, Namely, the MU radar has al;nost the same sensitivity for both
turbulence and precipitation echoes [Flukao et al., 1985c; WaK"asugi et al,, 1986,
19871. The BLR developed by Ecklund et aL [1988, 199q] uses the operat'ing
frequency of 915 MHz. Then, n. N 5.5 Å~ 10-i6' m-i and np N 2.5 Å~ 10-ii m-i.
The echo intensity by tl}e atmo$pheric turbulence is much smaller than' the echo
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by the precipitation. However, their radar could observe the atmospheric motion
up to the height of a few kilometers. In Japan, this frequency cannot be used
ovving to the frequency allocation plan of the government. instead, it is decided
that our BLR uses the frequency of 1357.5 MHz (Lrband). Then, n. N 6.3 Å~ 10-i6
m-i and n, N 1.2 Å~ 10-iO m-i. It is expected that the BLR can obtain the 60 dB
more intense pTecipitation echo compared with the atmospheric turbulence echo.
Because the volume reflectivity is almost the same as that of the BLR of Ecklund
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    Figure 2.1: Volume refiectivity for the atmospheric tui'bulence (solid
    lines) and the precipitation (dashed lines) versus radar wave!ength
    (o =,O.38C.2A-i/3 = 284ZA-4). Thick lines indicate typical values.
  A far field of the circular antenna is given by D2/A, and a beamwidth is
propottional to A/D, where D is the antenna diameter Emd A is the wavelength,
As showp in. Table 2,1, Arimuta [1990] has studied the performanpe of the square
antenna system for the operating frequency of 1350 MHz. When the antenna
i
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aperture is 4.2Å~3.2 m2, the beamwidth is about 40 but the length of the far field
is longer than 100 m•When it is 1.2xO,8 m2, the far field is 19 m long but the
beamwidth is wider than 90. Therefore, we should use the antenna of the second
case (2.2Å~1,6 m2) in order to satisfy the requirements that aii antenna becomes
as small as possible and a beamwidth becomes as narrow as possible. Finaily, we
determined to use the parabolic antenna with a diarneter of 2 m for our BLR.
The maximum output power was determined to be 1 kW. This was the maximum
output power of the commercial products which were availab]e to us.
















   in order to observe three-components of the wind ve}ocity vector, a radar
needs to observe radial velocities at least in three different directions. There are
fo11owing methods to change beam directions:
  i) electric or electronic switching of "hree or more antennas;
  ii) mechanical rotation of one 'antenna;
 iii) electrical beam swinging by ttsing an active phased array antenna like the
    MU radar.
For our BLR, we decided, to use the first Method because of the simple hardware
construction and of the expected good performance.
   Because the possibility to cause the range aliasing •is little for the BVR that
has relatively small output power, the shortest inter-pulse period (IPP) of 50 lts.
is suitable. When the zenith angle of a beam ditection is 15e, the time interval '
of the time series must be 1oss than 3 ms in order to measuve the horizontal
wind velocity up to 70 m s'i. Then, the coherent integrations of 60 times can be
performed, which make it possible to improve the signal"to-noise ratio. In order
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to obtain the resolution of the horizontal wind of about 1 m s-i, FFT points of
128 is required, and then it takes 384 ms to obtain one Doppler spectrum. If
the beam direction can be changed for every Doppler spectrum, the simultaneity
of observations in different bearn directions can be satisfied. Therefore, the BLR
does not need to change beam directions every IPP such as the MU radar. Finally,
it was decided that the antennas should be switched after taking one time series





    Figure 2.2: Time chart of data acquisition of the BLR. The horizontal
    axis indicates time, and in the vertical axis there are three charts for three
    antennas• Tipp, Ncoh, IVFFT, and Nicoh indicate IPP, the number of coher--
    ent integrations, the number of FFT points, and the number of incoherent
    integrations, respectively.
  The radar to observe the PBL was first developed by Ecklund et al. [19881.
Specifications of their BLR is shown in Table 2.2. Their radar is more trans-
portable than our BLR because the antenna is lightweight by using microstrip
array, but their output power of 400 W is almost half of ours. Therefore, we
expect that maximum observable height of our BLR is higher than their BLR, in
Japan, Nakamufa and Masuda [19921 have developed a BLR in independence of
us. Specifications of their radar is shosvn in Table 2.3. The operating frequency
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of 1357.5 MHz is the same as ours. Since their BLR mechanically rotates one
parabolic antenna, the time resolution is not so good in eomparison with ours.
Digital signal processing is aJmost performed by software in our BLR so that
observations could be very flexible, but performed by haxdware in their BLR..












































 • There is a RAss 6bservation as one of the'important appkcations of the BLR '
{Tsuda et al,, 1994d]. RASS is an observation technique to estimate a vertical
profile ofthe temperature by using the-aeoustic wave together wit' h the radar. An
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acoustic wave transmitted aside the radar propagates upward with the speed of
sound. The radar is used to detect echoes Teflected by the transmitted acoustic
wave, and measures the motion of the wave front. Thus, by using the radar,
we can observe the speed of sound above the radar. Temperature profile can be
observed since the speed of sound is mainly a function of temperature [May et al.,
19901. When the wavelength of the acoustic wave is half of the radar wavelength,
the Bragg condition is satisfied, and the radar can detect the most intense echoes.
For the wavelength of the BLR of O.22 m, the acoustic wave with the frequency
around 3 kHz is suitable because the wavelength of the acoustie wave becomes
O.11 m at the temperature of OeC.
   A Doppler power spectrum shown in the upper panel of Figure 2.3(a) is ex-
pected to obtain by the RASS observation mode. The clutter echo appears at the
zero Doppler component, the atmospheric echo around it, and the RASS echo at
around 350 m s-i. In order to improve velocity resolution, the number of FFT
points must be very large to maintain the maximum velocity of 370 m s-i. For
example, when the number of FFT points is 2048, the velocity resolution becomes
approximately O.36 m s-i. However, such number of FFT is difficult to calculate
in the real-time, One of the idea is to shift the receiving frequency from the
transmitting frequency for around 3 kHz. For our BLR system, this is feasible by
shifting the frequency of the local oscillator (LO), The frequency shift of 3 kHz
was selected since it corresponds to an acoustic velocity of 331 m s-i at temper-
ature around OOC. As shown in Figure 2.3(b), by shifting the LO frequency, the
velocity resolution becomes O.39 m s-i even with the number of FFT points of
128.
   A problem of this technique is that the clutter and the atmospheric echoes
contaminate the RASS echo due to the aliasing effect. in Figure 2,4, with the re-
ceiving frequency shifted of 3 kHz, Nyquist limit (the velocity range of the Doppler
spectra) is shown by aJi area without hatching. Positions of the clutter echo due
to aliasing are shown by cross symbols, The number of coherent integrations can-
not be selected freely because of the limitations of the hardwai'e (see Table 2.4).
The dashed iines show the positions of the RASS echoes corresponding to the
temperature of •-300C, OOC, and +300C, respectively, The lateral bars crossing
the cross symbols indicate the area where atmospheric echoes (Å}10 m s-i) may
appear due to aliasing. If the number of coherent integrations is selected 44 and
36, RASS echoes can be separated from the clutter and the atmospheric echoes,
and the temperature can be safely estimated for the low and high temperature
cases, respeetively•
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Figttte 2.3: A Doppler spectrum expeCted ib-,obtlairt:by the•R`ASS•obset,va- '
•tionmOde. 4('a).indicateitg•:the';case,byi•usin' g'Åëhe'susilal!•obstnvatiibnmode,. (:b').L :•
'indicates She tcase• by' using the •MSS',Observation modei wi th the •receivirig.• ` ' . • J •
frequep.cy shSftiQf;3 'kHi.' ,'' ,,T -'" .d/, • / .' .t























    SOO 350Doppler Velocity (ms-i) 400
Figure 2.4: The range of the Doppler veloÅëity expected with the receiving
frequency shift of 3 kHz (an area without hatching), Cross symbols (Å~)
show positions of the clutter echo due to aliasing, Dashed lines show the
pesitions of the RASS echoes correBponding to the temperature of -300C,
OOC, and +30eC, respectively. Lateral bars crossing the cross symbois
indicate the area where atmospheric echoes (Å}10 m B-i) may appear due
to aliasing. .
26 CH4PTER2. DEVIEL' OPMENTOF'BLR
thble 2.4: The number of integrations (NCOH) performed in thq coherent
integrator (hardware; HW) and in the signal processing unit (softrgvare;
SW), respectively, for the number of coherent integrattiopa of 1-256.
NCOHHWsw NCOHHWsw• NCOHHWsw
1 1 1 18 9 2 72 ,9 8
2 2 1 20 10 2 80 10 8
3 3 1 22 11 2 88 11 8
4 4 1 24 12 2 96 12 8
5 5 1 26 13 2 104 13 8
6 6 le 28 14 2 112 14 8
7 7 ,1 30 15 2 120 15 8
8 8 1 .-32 16 2 128 16
-8
9 9 1 36 9 4 144 9 16
10 10 1 40 10 4 '160 10 16
11 11 1 44 ,11 4 176 11 16
12 12 1 48 12 4 192 12 16
13' 13' 1' 52 4 '' 208 "16
14 14 1 56 14' 4 224 14 16
15 15 1 60 15 4 240' 15 16
16 16 1 64 16 4 256 16 16
